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13  ABSTRACT 


Adaptive  signal  processing  in  airborne  radars  with  array  antennas 
can  provide  a  high  level  of  MT1  performance,  including  automatic  platform 
motion  compensation.  Methods  of  simplifying  adaptive  AMTI  radars  by  forming 
subarray  outputs  and  adding  these  subarrav  outputs  adaptively  are  described 
and  evaluated  in  this  report.  It  is  shown  that  in  radars  with  many-element 
arrays,  e.g.  ,  AI  radars,  ground  AMTI  performance  can  be  achieved  in  systems 
with  roughly  nine  subarray  outputs  from  the  antenna.  The  results  obtained 
during  the  preceding  three  quarters  of  the  study  are  summarized  in  this 
final  report,  and  relate  to  the  performance  of  space-time  adaptive  radar 
in  non-uniform  clutter,  conformal  array  antennas  in  adaptive  AMTI  radar, 
and  a  method  of  achieving  rapid  convergence  in  adaptive  systems. 
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1.0  INTRODUCTION 


This  final  report  on  a  study  of  adaptive  signal  processing  In  air¬ 
borne  MTI  radars  presents  the  results  obtained  during  the  fourth  and  final 
quarter  of  the  contract.  Results  for  the  earlier  nine  months  of  the  study 
are  detailed  in  quarterly  progress  reports  and  are  reviewed  briefly  in 
Section  2  below.  This  study  was  concerned  primarily  with  AMTI  radars  which 
are  controlled  adaptively  in  both  space  and  time,  i.e.,  both  the  array  an¬ 
tenna  pattern  and  the  MTI  filter  response  are  controlled  adaptively.  These 
adaptive  systems  provide  automatic  platform  motion  compensation  by  changing 
the  array  illumination  function  from  pulse  to  pulse.  Both  jamming  and 
clutter  are  rejected  simulataneously  in  these  systems,  which  also  compen¬ 
sate  for  aircraft  structure  in  the  antenna  near  field. 

Under  earlier  NASC  contracts,  TSC  has  performed  a  series  of  studies 
of  space-time  adaptive  radar  in  AEW  systems.  These  earlier  studies  assumed 
a  linear  array  antenna  containing  approximately  10  elements.  During  the 
study  reported  here,  this  investigation  was  extended  to  AI  type  radars 
where  the  array  antenna  contains  a  much  larger  number  of  elements.  One 
method  of  simplifying  an  adaptive  AI  radar  is  to  form  a  small  number  of 
sub-array  outputs  from  the  array,  and  combine  these  sub-array  outputs  with 
adaptively  controlled  weights.  This  subject  is  discussed  in  Section  3  of 
this  final  report.  It  is  shown  that  subarray  systems  of  this  type  with 
approximately  nine  antenna  outputs  and  18  adaptive  degrees  of  freedom  can 
provide  good  AMTI  performance  over  a  range  of  scan  angles  and  radar  plat¬ 
form  velocities. 
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Different  methods  of  subarraying  to  obtain  the  adaptive  system  Inputs 
are  compared. 

The  conclusions  reached  during  this  study  are  contained  in  Section  4. 
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2.0  REVIEW  OF  QUARTERLY  REPORTS 

The  first  quarterly  report^  discussed  the  performance  of  space-time 
adaptive  AMTI  radar  in  systems  with  curved  antennas.  Conformal  arrays, 
flush  mounted  on  the  surface  of  an  aircraft  have  important  aerodynamic 
advantages  (no  protruding  radomes,  such  as  rotodoraes)  and  electronic  ad¬ 
vantages  (larger  apertures,  reduced  effects  of  radome  reflection  and 
refraction).  Adaptive  AMTI  radar  with  a  parabolic  array  antenna,  repre¬ 
sentative  of  the  nose  of  an  interceptor,  was  investigated.  It  was  shown 
that  the  space-tine  adaptive  technique  provides  excellent  AMTI  performance 
in  these  systems,  both  for  a  scan  angle  along  the  radar  platform  ground 
track  and  for  electronic  scan  30°  off  the  ground  track.  With  a  2  pulse, 

20  array  clement  system,  MTI  gains  in  excess  of  90  dB  are  theoretically 
achievable  when  the  pulse-element  weights  are  optimized.  It  was  also 
shown  that  the  performance  of  these  systems,  both  with  parabolic  and  with 
linear  arrays,  is  seriously  degraded  when  the  array  element  spacing  is  one 
wavelength  or  greater. 

m 

Two  topics  are  included  in  the  second  quarterly  report  :  the  effect 
of  a  non-uniform  clutter  distribution  on  space-time  adaptive  radar,  and  the 
sample  covariance  matrix  technique  for  speeding  convergence  in  all  adaptive 
array  systems.  With  regard  to  the  first  topic,  adaptive  radar  systems  were 
evaluated  for  cases  where  the  angular  distribution  of  clutter  backscatter 
(aQ)  varies  with  range.  Optimum  weights  were  computed  for  one  non-uniform 
angular  clutter  distribution  and  these  weights  were  tested  against  a  second 
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angular  distribution.  It  was  found  that.  In  some  cases,  the  weights  opti¬ 
mized  for  distribution  1  provide  significantly  less  MTI  gain  against 
distribution  2.  However,  when  the  covariance  matrix  is  averaged  over 
both  distributions  of  clutter  (i.e.,  over  the  entire  range  search  interval), 
weights  based  on  this  average  covariance  matrix  generally  perform  well 
against  both  of  the  individual  clutter  distributions. 

The  convergence  rate  of  adaptive  arrays  employing  the  conventional 
Applebaum  or  Widrow  control  loops  has  been  found  to  be  very  slow  in  many 
cases  of  interest.  This  problem  occurs  in  space-time  adaptive  AMTI  radar 
in  particular.  The  convergence  rate  of  the  adaptive  weights  to  near¬ 
optimum  values  can  be  increased  by  changing  the  control  loop  parameters, 
but  this  results  in  an  increase  in  control  loop  noise.  For  many  clutter 
distributions  and  array  geometries,  it  is  not  possible  to  select  control 
loop  parameters  which  provide  good  performance,  i.e.,  adequate  convergence 
rate  to  follow  antenna  scan  and  low  control  loop  noise.  A  method  of 
achieving  rapid  convergence  in  all  cases  is  described  in  the  second  quar¬ 
terly  report.  It  is  shown  that  a  sample  covariance  matrix  based  on  a 
relatively  small  number  of  data  samples  can  be  used  to  compute  a  set  of 
near-optimum  adaptive  weights.  An  expression  is  derived  for  the  probability 
distribution  of  the  signal-to-noise  ratio  when  adaptive  weights  are  based 
on  this  sample  covariance  matrix  algorithm.  The  detailed  derivation  of  the 
equations  for  this  distribution  are  contained  in  the  third  quarterly 
report 


With  this  method  of  generating  adaptive  weights,  a  signal-to-noise 
ratio  approximately  3dB  below  the  optimum  is  achieved  when  the  number  of 
samples  contained  in  the  sample  covariance  matrix  Is  twice  the  number  of 
adaptive  degrees  of  freedom.  For  example,  a  space-time  adaptive  system 
based  on  3  pulses  and  10  elements  would  require  only  60  data  samples.  In 
a  pulsed  radar,  one  data  sample  of  the  clutter-plus-noise  environment  is 
obtained  in  a  time  interval  of  one  pulse  length  (or  reciprocal  bandwidth 
in  systems  with  prise  expression) .  With  a  one  microsecond  pulse  length, 
an  adequate  estimate  of  the  covariance  matrix  can  be  obtained  in  60  micro¬ 
seconds.  In  space-time  adaptive  systems,  data  for  the  corresponding  range 
interval  must  be  available  also  for  the  preceding  pulse.  Using  this  algo¬ 
rithm,  a  more  than  adequate  convergence  rate  can  be  obtained  in  all  adaptive 
radar  configurations  and  clutter /noise  distributions.  This  theory  was  veri¬ 
fied  by  simulation  of  a  2  pulse,  4  element  system.  Results  are  shown  in 
Table  1  for  a  case  in  which  the  conventional  adaptive  loops  converged  very 
slowly.  As  shown  in  the  third  column,  only  38  dB  of  a  possible  62.2  dB 
MTI  gain  was  achieved  by  the  adaptive  array  using  the  conventional  control 
loops.  Both  the  theory  and  simulation  show  that  the  sample  covariance 
matrix  technique  provides  58  dB  of  MTI  gain  when  only  20  samples  of  the 


noise  field  are  used. 
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Table  1.  Comparison  of  Convergence  In  Adaptive  Loops  and  Sample 
Covariance  Matrix  (SMI)  Systems 


4  Elements 

Interpulse  Motion 

2  Pulses  (N=2x4)  Spacing  ■  .5X 

«  .2  X/pulse  Steady-State  Gain  -  62.2  dB 

MTI  GAIN  (dB) 

No.  of  Samples  (K) 

SMI  Theory* 

SMI  Simulation 

Adaptive  Loops 

10 

55.6 

15.5 

15 

57.14 

58.9 

15.8 

20 

58.97 

58.6 

17 

800 

37 

2000 

38 

I  *Values  given  by  62.2  -  10  log1Q 
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3.0  SUBARRAY  INC  IN  ADAPTIVE  AI  RADAR 


The  detection  of  low  flying  aircraft  with  AI  radars  requires  a  high 
level  of  MTI  performance.  This  ie  particularly  true  over  land  because  of 
the  large  clutter  backscattering  from  terrain  in  the  radar  beam.  Adap¬ 
tive  AMTI  radar,  with  varying  antenna  patterns  from  pulse  to  pulse,  can 
provide  excellent  MTI  performance  when  fully  adaptive  array  antennas  are 
employed.  In  a  fully  adaptive  system,  the  output  of  each  array  element  is 
weighted  separately  before  formation  of  the  receiving  beam.  This  requires 
a  separate  adaptive  control  loop  for  each  element  or  formation  of  a  very 
large  covariance  matrix.  For  example,  an  X-band  radar  with  a  2  ft  x  2  ft 
antenna  contains  approximately  1600  half-wavelength  spaced  elements.  A 
fully  adaptive  system  generating  1600  element  weights  on  two  or  more  con¬ 
secutive  pulses  is  clearly  not  practical  in  the  next  decade  or  so. 

One  method  of  simplifying  these  systems  is  to  form  a  smaller  set  of 
separate  antenna  outputs,  e.g.  from  subarrays,  and  to  add  these  outputs 
with  adaptively  controlled  weights.  Several  different  methods  of  sub¬ 
arraying  have  been  investigated  and  MTI  performance  calculated  for  these 
simpler  systems  as  a  function  of  scan  angle  and  radar  platform  velocity. 

The  method  of  adaptive  AMTI  processing  considered  in  these  studies  is 
shown  in  Figure  1.  A  coherent  pulsed  radar  was  assumed,  with  a  uniformly 
illuminated  transmit  antenna.  In  practice,  an  AI  radar  at  X  or  C  band 
would  employ  a  two-dimensional  array  antenna.  A  linear  array  was  considered 
in  these  analyses  with  adaptivity  in  azimuth  only.  A  system  of  this  type 
could  be  implemented  with  a  planar  array  antenna  by  combining  the  outputs 


Figure  1.  Adaptive  AMTI  Radar  with  Subarraving 
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of  all  elements  in  a  column  Into  a  separate  column  output.  These  sub-array 
outputs,  e.g.  from  linear  slotted  array  columns,  then  form  the  basic  "hori¬ 
zontal  linear  array"  Inputs  to  the  adaptive  system. 

Even  with  a  single  dimension  of  adaptivity  there  would  typically  be  a 
large  number  of  adaptive  degrees  of  freedom.  For  example,  a  C-band  array 
3  ft  in  length  contains  roughly  30  elements  in  the  horizontal  direction. 

An  X-band  array  of  the  same  width  would  contain  about  60  elements.  In  many 
of  the  cases  investigated,  a  32  element  horizontal  array  of  half-wavelength 
spaced  elements  was  considered. 

As  illustrated  in  Figure  1,  the  adaptive  system  obtains  subarray 
inputs  from  sets  of  elements  in  the  horizontal  linear  array  antenna.  The 
subarrays  are  of  arbitrary  size,  and  in  several  of  the  cases  investigated 
were  unequal  in  size  with  smaller  subarrays  near  the  edges  of  the  antenna. 
Two  adaptive  weights  are  generated  for  each  subarray  output  as  shown  in 
Figure.  1.  The  Applebaum  type  of  adaptive  loop^ ,  with  steering  signals 
matched  in  angle  and  doppler  frequency  to  a  target  return,  can  be  used  to 
generate  the  adaptive  weights  and  W^.  This  space-time  adaptive  AMTI 
technique  is  discussed  in  more  detail  in  Ref.  [6],  Each  subarray  output  is 
followed  by  a  delay  line  of  one  pulse  repetition  period  (FRP)  delay,  so 
that  two  consecutive  outputs  from  each  range  cell  are  available  for  simul¬ 
taneous  processing.  One  parameter  in  the  analysis  is  the  distance  the 
radar  moves  between  pulses,  expressed  as  a  fraction  of  antenna  length 
(Vp(PRP) /L,  where  Vp  is  platform  speed  and  L  is  antenna  array  length).  A 
second  parameter  is  scan  angle,  which  is  measured  from  the  radar  platform 
ground  track. 
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An  alternative  method  of  obtaining  the  adaptive  weights  Is  formation 
of  a  sample  covariance  matrix,  M,  and  computation  of  the  adaptive  weights 
using 

W  -  M-1S*  (1) 

As  discussed  in  Refs.  [2]  and  [3],  this  technique  provides  rapid  convergence 
to  near  optimum  weights.  After  sufficient  averaging  time  (in  a  non-varying 
clutter  environment  wit1'  fixed  scan  angle)  the  Applebaum  adaptive  loops 
converge  to  this  same  set  of  weights.  With  either  implementation  it  is 
necessary  to  specify  a  set  of  steering  signals  for  each  array  element  on 
two  consecutive  pulses.  The  steering  signals  used  in  the  following  cases 
were  matched  in  angle  to  the  transmitted  beam,  i.e.,  normal  to  the  linear 
array,  and  matched  in  doppler  frequency  to  a  target  moving  radially  1/4 
wavelength  between  pulses.  The  performance  was  computed  for  this  same  set 
of  target  parameters  and  is  expressed  as  MTI  gain^\  The  maximum 
achievable  gain  in  most  of  the  test  cases  is  limited  to  80  dB  by  receiver 
noise. 

The  first  method  of  subarraying  tested  is  the  formation  of  equal 
side-by-side  subarrays  as  in  Figure  2a.  The  steady  state  (optimum)  per¬ 
formance  achieved  with  this  technique  is  shown  in  Table  2.  Three  examples 
are  shown  for  a  16  element  array.  With  a  fully  adaptive  system,  i.e.,  one 
element  per  subarray,  the  adaptive  AMT1  radar  achieves  78.3  dB  MTI  gain. 

This  is  close  to  the  receiver  limited  performance  of  80  dB.  When  two  ele¬ 
ment  subarrays  are  used,  reducing  the  number  of  adaptive  degrees  of  freedom 
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Table  2.  Equal  Subarray  Performance  (Figure  2a) 


Number  of 
Elements 

Elements  Per 
Subarray 

Scan 

Angle 

Velocity  in 
Antenna  Lengths/PRP 

MTI  Gain 
(dB) 

16 

1 

16 

0* 

.313 

78.3 

16 

2 

8 

0° 

.313 

50.9 

16 

4 

4 

0* 

.313 

40.0 

32 

2 

16 

0° 

.156 

64.2 

32 

4 

8 

0° 

.156 

43.0 

32 

8 

4 

0* 

.156 

40.0 

32 

16 

2 

0° 

.156 

37.7 

from  32  to  16  (two  pulse  system),  the  MT1  gain  is  reduced  to  50.9  dB. 

While  subarraying  in  this  case  results  in  a  large  drop  in  performance, 
this  MTI  gain  may  be  adequate  for  some  applications.  This  is  particularly 
true  in  the  32  element  array  examples  in  Table  2.  The  use  of  two  element 
subarray  with  32  degrees  of  freedom  provider  64  dB  of  MTI  gain.  This  is 
adequate  for  most  AI  radar  systems  and  would  reduce  the  system  complexity 
and  cost  by  a  significant  factor  by  comparison  with  a  fully  adaptive  con¬ 
figuration.  In  general,  the  performance  of  an  AI  radar  would  be  limited 
by  other  effects  (e.g.,  transmitter  stability,  receiver  match,  receiver 
noise,  clutter  internal  motion,  or  number  of  bits  in  a  digital  system)  to 
less  than  64  dB  MTI  gain. 

The  optimum  weights  for  the  16  subarray,  two  element  per  subarray  case, 
are  shown  in  Figure  3.  The  amplitudes  of  the  weights  are  the  some  on  both 
pulses.  As  shown  in  Figure  3,  the  phases  differ  from  pulse  to  pulse.  The 


symmetry  which  occurs  in  this  case  is  due  to  the  0s  scan  angle  and  the 
assumption  of  uniformly  distributed  clutter.  The  assumed  Interpulse  mo¬ 
tion  Is  a  representative  value  for  AI  radars.  For  example,  at  C-band  a 
32  element  array  is  3.2  ft  wide.  The  interpulse  motion  of  .156  antenna 
widths  or  1/2  ft  corresponds  to  a  velocity  of  1000  fps  at  a  2  kHz  pulse 
repetition  frequency. 

The  results  for  a  variety  of  unequal  subarray  cases  are  shown  in 
Table  3.  The  first  two  examples  in  the  table  rre  fo’’  end  pair  (Figure  2b) 
configurations  consisting  of  eight  end  pairs  and  a  center  segment  of  16 
elements.  The  respective  subarrays  contain  2,  2,  2,  2,  16,  2,  2,  2,  and 
2  elements.  Somewhat  better  performance  was  expected  with  the  end  pair 
and  tapered  configurations  than  with  equal  subarrays,  since  the  optimum 
weights  in  a  fully  adaptive  system  are  tapered  more  severely  in  amplitude 
and  vary  more  in  phase  near  the  ends  of  the  array.  Note  that  the  end  pairs 
configuration  with  nine  subarrays  (first  row  of  Table  3)  and  18  degrees  of 
freedom  provides  59.9  dB  MTI  gain.  The  eight  equal  subarrays  (sixth  row 
in  Table  2)  configuration  with  16  degrees  of  freedom  provides  only  43  dB 
for  the  same  parameters,  i.e.,  scan  angle  and  platform  velocity.  In  fact, 
the  nine  end  pair  configuration  performs  nearly  as  well  as  the  16  equal 
subarray  case  (row  4  of  Table  2). 

The  optimum  weights  for  the  nine  subarray  case  with  end  pairs  are  shown 
in  Figure  4.  Again,  the  amplitudes  are  the  same  on  the  two  pulses  for  a 
given  subarray,  while  the  phases  are  different.  These  weights  correspond 
to  the  second  row  of  Table  3. 
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Table  3.  Performance  with  Unequal  Subarrays 


Number  of 
Elements 

Elements  Per 
Sub arrays 

Number  of 
Sub arrays 

Scan 

Angle 

Velocity  in 
Antenna  Lengths/PRP 

MTI  Gain 
(dB) 

32 

2,2,2,2,16,2 
2,2,2  (End 
Pairs,  Fig. 
2b) 

9 

0° 

.156 

59.9 

32 

II 

9 

ca 

.1875 

58.3 

32 

1,2, 3, A, 12, 4 
3,2,1 
(Tapered , 

Fig.  2c) 

9 

1 

.0312 

63.4 

32 

t! 

9 

KB 

.0938 

62.1 

32 

It 

9 

KB 

.1875 

58.2 

32 

II 

9 

45“ 

.0312 

62.2 

32 

II 

9 

45“ 

.0625 

60.2 

32 

H 

9 

45“ 

.0938 

60.6 

32 

II 

9 

45“ 

.1875 

55.0 

32 

II 

9 

45“ 

.25 

49.8 

32 

II 

9 

45“ 

.375 

42.3 

32 

II 

9 

90“ 

.0312 

79.0 

32 

II 

9 

90“ 

.0938 

78.5 

32 

II 

9 

90“ 

.1875 

46.0 
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Figure  A.  Optinun  'heights,  Amplitude  and  Phase  -  End  Pairs  (Figure  2b) 
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The  remaining  12  examples  in  Table  3  show  Che  performance  achieved  with  j 

I 

tapered  subarrays  (Figure  2c>  for  a  variety  of  parameter  values.  Comparison 
of  the  second  and  fifth  rows  of  Table  3  shows  that  the  end  pair  and  tapered  i 

subarray  configurations  perform  equally  well  at  0®  scan  angle  with  a  plat¬ 
form  motion  parameter  of  .1875.  Series  of  examples  are  shown  at  0°,  45° 
and  90°  scan  angle  as  the  platform  velocity  is  varied.  In  general,  in¬ 
creasing  the  radar  velocity  reduces  the  adaptive  AMTI  performance.  For  a 
given  platform  velocity,  the  performance  is  better  a;.  0°  scan  angle  than 
at  45®  and  better  at  45®  than  at  90*.  The  figures  for  VpPRP/L  «■  .1875  are 
58.2  dB  at  0®,  55  dB  at  45®,  and  46  dB  at  90®.  This  effect  is  also  ob¬ 
served  in  a  conventional  non-adaptive  AMTI  radar  and  results  from  the 
spreading  of  the  main  beam  clutter  spectrum  at  angles  off  the  ground  track. 

Note  that  excellent  performance,  close  to  the  80  dB  receiver  noise 
limit,  is  achieved  in  the  first  two  examples  at  90®  scan  angle  (rows  12 
and  13  in  Table  3).  These  cases  were  selected  to  correspond  to  an  inter¬ 
pulse  motion  equal  to  an  integral  number  of  half  element  spacings.  For 
example,  the  motion  parameter  of  .0312  antenna  lengths  is  1/32  of  the  array 
length  or  one  element  spacing.  To  compensate  for  the  forward  platform  mo¬ 
tion  on  both  transmit  and  receive,  the  illumination  function  must  move 
backward  along  the  array  two  element  spacings  between  pulses.  This  was 
achieved  by  setting  the  three  end  element  weights  on  the  forward  end  of 
the  array  and  one  end  element,  weight  on  the  aft  end  equal  to  zero  on  the 
first  pulse.  On  the  second  pulse,  the  three  end  elements  on  the  aft  end 
and  one  on  the  forward  end  are  set  to  zero.  This  provides  exact  motion 


compensation  at  the  90°  scan  angle  and  an  Mil  gain  close  to  the  80  dB 
limit.  Since  some  element  weights  are  zero,  maximum  antenna  gain  Is  not 
achieved  on  receive  and  there  is-  a  small  loss  (ldB)  relative  to  a  non¬ 
moving  radar.  In  effect,  the  two  element  subarrays  were  switched  in  and 
out  to  accomplish  exact  motion  compensation  in  this  example.  Similar  per¬ 
formance  could  be  achieved  with  the  end  pairs  configuration  (Figure  2b)  at 
90°  scan  angle. 

Nearly  80  dB  of  MTI  gain  was  also  obtained  in  the  case  of  .0938  plat¬ 
form  motion  ind  90°  scan  angle.  In  this  case,  three  end  subarrays  (six 
end  elements)  are  switched  to  achieve  exactly  the  required  effective  an¬ 
tenna  phase  center  displacement.  With  .1875  platform  motion,  exact  com¬ 
pensation  is  not  possible  at  90®  scan  angle  and  only  46  dB  is  achieved. 

The  optimum  receive  weights  for  one  tapered  subarray  example  are 
shown  in  Figure  5.  Again,  the  weights  are  tapered  to  lower  amplitudes 
near  the  edges  of  the  array  and  amplitudes  are  the  same  on  both  pulses. 

This  example  corresponds  to  Row  5  of  Table  3. 

These  subarraying  results  show  that,  in  a  typical  32  element  wide  AI 
array  antenna,  adequate  AMTI  gain  can  be  achieved  with  roughly  nine  subarray 
outputs.  This  represents  a  factor  of  ~*3  reduction  in  number  of  adaptive 
degrees  of  freedom  as  compared  with  a  fully  adaptive  system. 

To  investigate  the  possibility  of  further  simplification  of  the  sys¬ 
tem,  a  different  method  of  generating  array  outputs  was  tested.  For  one 
representative  case  of  scan  angle  and  platform  velocity,  the  optimum  array 
weights  were  computed  for  pulses  one  and  two.  Fully  adaptive  arrays  were 
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igure  5.  Optimum  Weights  —  Amplitude  and  Phase  —  Tape_ed  Subarravs  figure  2c) 


assumed  In  this  weight  optimization.  Next,  it  was  assumed  that  these  two 
sets  of  weights  were  fixed  and  the  outputs  corresponding  to  these  two 
weight  vectors  are  available  from  the  antenna.  For  example,  fixed  RF  net¬ 
works  could  be  used  to  generate  the  two  antenna  outputs  which  are  optimized 
for  the  reference  case. 

These  two  antenna  outputs  were  then  used  as  inputs  to  an  adaptive 
AMTI  system  for  other  cases,  i.c.,  other  scan  angles.  Results  for  a  six 
element  array  are  shown  in  Figure  6.  In  the  lower  curve,  labeled  "two 
weights",  the  array  illumination  functions  optimized  at  0°  scan  angle  were 
tested  at  10°,  20®,  and  45*.  Only  two  adaptively  controlled  weights  were 
generated  in  these  cases,  so  there  was  no  possibility  of  changing  the 
effective  array  illumination  function  from  pulse  to  pulse.  The  MTI  gain 
drops  rapidly  as  the  antenna  is  scanned  away  from  the  0®  design  angle. 

The  other  two  curves  of  Figure  6  are  of  more  interest.  In  these  cases, 
four  adaptively  controlled  weights  were  assumed.  The  two  array  outputs  are 
combined  on  the  first  pulse  with  weights  and  and  on  the  second 
pulse  with  weights  and  ^22'  sy8tcm  *ias  f°ur  degrees  of  freedom 

and  permits  changing  the  effective  illumination  function  between  pulses. 

With  these  additional  degrees  of  freedom,  the  performance  is  much  better. 

The  system  optimized  for  45®  scan  angle  provides  55-60  dB  of  MTI  gain  at 
both  0*  and  90®.  Similarly,  the  system  optimized  for  0®  6can  angle  yields 
over  55  dB  gain  at  10®  and  20®. 

This  technique  can  be  generalized  to  more  degrees  of  freedom.  For 
example,  optimum  illumination  functions  can  be  generated  at  two  scan  angles 
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(e.g.  -20s  and  +20*)  on  two  pulses.  These  four  antenna  outputs  can  be  used 
as  adaptive  system  Inputs  on  two  pulses,  forming  a  system  with  eight  degrees 
of  f  reedom . 

The  methods  used  In  this  study  for  optimizing  a  set  of  Illumination 
functions  and  computing  optimum  weights  to  be  applied  to  the  corresponding 
outputs  on  two  or  three  pulses  can  be  used  in  designing  an  adaptive  AMTI 
system.  The  results  obtained  with  this  technique  for  a  simple  six  clement 
case  (Figure  6)  and  the  subarraying  results  suggest  that  a  considerable 
simplification  of  A1  adaptive  AMTI  radars  is  possible.  It  appears  that 
fully  adaptive  control  in  azimuth  will  not  generally  be  required  to  achieve 
50-60  dB  of  MTI  gain. 
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4.0  CONCLUSIONS 


a.  A  sample  covariance  matrix,  based  on  a  relatively  small  number 

of  samples  of  the  noise  field,  can  be  used  to  obtain  near- 

[2  3] 

optimum  weights  In  adaptive  array  systems  *  .  The  performance 

of  this  algorithm  is  approximately  3dB  below  optimum  when  K  »  2N, 
where  K  is  the  number  of  samples  and  N  is  the  number  of  adaptive 
degrees  of  freedom.  This  technique  provides  much  more  rapid 
convergence  than  the  array  of  adaptive  control  loops  in  many 
cases  of  interest.  It  will  be  particularly  useful  in  space- 
time  adaptive  AMTI  radar,  where  convergence  rate  is  often  very 
slow  in  adaptive  loop  systems. 

b.  The  complexity  and  cost  of  an  adaptive  system  increase  with 
the  number  of  degrees  of  freedom.  Adaptive  AMTI  radar  systems 
can  be  simplified  by  subarraying  at  RF  and  combining  the  sub¬ 
array  outputs  with  adaptively  controlled  weights  (Section  3). 

c.  The  space-time  adaptive  AMTI  technique  can  be  used  in  systems 
with  curved  antennas,  e.g.,  conformal  arrays  flush-mounted  on 
the  aircraft^. 

d.  The  performance  of  adaptive  AMTI  radar  is  sometimes  degraded 

in  non-uniform  clutter  environments.  This  degradation  can  be 

reduced,  and  adequate  performance  obtained  in  most  cases,  by 

basing  the  adaptive  weights  on  a  sample  covariance  matrix 

[21 

averaged  over  the  entire  range  search  interval  . 
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